Andrographolide is the principal bioactive component of the medicinal plant Andrographis paniculata, to which various diverse pharmacological properties are attributed. Traditionally, andrographolide was extracted from the leaves, stems and other parts of the plant. Leaves have the highest andrographolide content (2-3%) in comparison with the other plant parts. Adventitious root culture of leaf explants of A. paniculata was studied using different strength MS medium supplemented by different concentrations of auxins and a combination of NAA + kinetin for growth and andrographolide production. Among the different auxin treatments in adventitious root culture, only NAA was able to induce adventitious roots. Adventitious roots grown in modified strength MS medium showed the highest root growth (26.7±1.52), as well as the highest amount of andrographolide (133.3±1.5 mg/g DW) as compared with roots grown in halfand full-strength MS medium. Growth kinetics showed maximum biomass production after five weeks of culture in different strength MS liquid medium. The produced andrographolide content was 3.5-5.5 folds higher than that of the natural plant, depending on the medium strength.
Medicinal plants are a major source of life-saving drugs and bioactive compounds. These compounds currently extracted from plants are used as food additives, pigments, dyes, insecticides, cosmetics, perfumes and fine chemicals [1] . Andrographis paniculata Nees (family Acanthaceae) is one of the most valuable medicinal plants and a bio-factory of bioactive compounds which have widespread medicinal properties, like immune-stimulating, anti-inflammatory, anti-fertility, liver-protective, anti-HIV and bile secretion-stimulation [2] . A number of secondary metabolites are reported for this plant, including diterpene lactones, flavonoids and polyphenols [3a, c] . However, the prime secondary metabolite is andrographolide (diterpene lactone), which has been widely used for therapeutic purposes. It is consistently synthesized and accumulates during the life cycle of the plant. The quality and quantity of the secondary metabolite collected from wild and fieldgrown plants are often fluctuating and heterogeneous depending upon the environmental conditions. Infestation, diseases and the application of pesticides additionally decrease the quality of the plant materials [4] . These problems can be overcome by using an in vitro production technique. Plant cell suspension, hairy and adventitious root cultures are used as natural "bioactive substance factories" to produce plant-derived compounds [4] . By these techniques, secondary metabolites are isolated and produced in large quantities, as well as of good quality and are stable and produced rapidly in an adapted culture medium. Therefore, production of secondary metabolites under in vitro conditions has become an active field of research [5] . Adventitious roots have been successfully induced in many plant species and cultured for the production of high value secondary metabolites of pharmaceutical, nutraceutical and industrial importance [6] . In this paper, we describe the effects of the different strength of media and auxin on growth and andrographolide production in adventitious root culture of A. paniculata.
Leaf explants were cultured on full strength MS medium supplemented with different concentrations of auxins and incubated under complete dark condition at 25±1 o C. The full strength MS supplemented with NAA initiated adventitious roots and showed significant results at the 5% probability level ( Table 1 ). The protrusions were formed from cut ends and veins after two weeks of inoculation and elongated in subsequent weeks (Figure 1a, b ). The multiple comparisons were determined by the LSD method. Different letters stand for significant variances at p < 0.05 level. LSD -3.21, SEd -0.87; + Yes NAA, at a concentration of 1 mg/L, induced the highest (24.0±2.6) average number of adventitious roots, followed by 1.5 mg/L (23.3±2.1). Moreover, the minimum number of average roots was initiated in 5 mg/L NAA (10.0±2.6).
NPC Natural Product Communications
Increasing NAA concentrations induced callus mediated root formation and produced a lower number of adventitious roots. The MS medium supplemented with IAA, IBA and 2, 4-D did not show adventitious root induction. The effect of NAA was tested with kinetin. Adventitious roots were initiated, but the frequency and average number of roots initiated was lower when compared with NAA ( Table 2 ). The results demonstrated that NAA is more effective for triggering the induction of adventitious roots from leaf explants of A. paniculata.
For optimization of adventitious root culture, half and modified MS medium with different concentrations of NAA (0.5 -5.0 mg/L) was further tested. In half MS, the explants response ranged from 60 to 89 percent. The highest numbers of average adventitious roots were detected in the case of 1.5 mg/L NAA (14.3±1.5) followed by 1.0 mg/L (13.3±1.5) ( Table 1 ). The results showed that micro and macro nutrient content and sucrose percentage were critical for adventitious roots initiation.
Modified MS with different concentrations of NAA also induced adventitious roots and significantly varied at the 5% probability level ( Table 1 ). The explant response was also higher ranging from 65 to 83 percent. The best rooting response (83%) and the highest number of average roots (26.7±1.5) was observed at a concentration of 1.0 mg/L NAA (Figure 1c ). The results indicate that the media composition could affect the initiation and development of adventitious roots.
The results of roots initiation showed that different growth media with 1.0 mg/L NAA was the best for induction of adventitious roots. Therefore, 1.0 mg/L NAA was used in liquid culture for mass production of adventitious roots in full, half and modified MS medium. The growth study of roots in shake cultures showed that the dried weight of the adventitious roots increased rapidly in the third and fourth weeks and then gradually became stagnant at the fifth week of growth ( Figure 2 ). The 11.3±1.5 g/L dry mass was produced in full-strength MS medium, followed by 10.9±0.6 g/L on modified MS medium after five weeks of growth. Adventitious roots were harvested at two-weekly intervals after inoculating in liquid culture. Andrographolide contents were estimated in harvested roots from different strength MS medium. The highest average content was 133.0±1.5 mg/g DW in modified MS medium, followed by full MS (120.4±1.2) after 42 days of culture ( Figure 3) . The andrographolide content depended on the genotype used for in vitro culture. The used genotype contained 24.2±0.9 mg/g andrographolide. Wild plants contain 2-3% andrographolide, whereas the developed dry powder of adventitious roots contains about 8 to 13% andrographolide, depending on the strength of MS medium.
The adventitious root induction technique has been applied to economically important plants for secondary metabolite production like Taxus baccata [7a] and Iris germanica [7b]. Mainly, auxins are involved in most aspects of root development [8] . Therefore, the responses of various concentrations of auxins and in combination with cytokinin were tested for root initiation and elongation. The vein associated cells were stimulated and actively divided in response to auxins, which function as pluripotent stem cells, which can be switched into roots [9] . Higher concentrations of NAA were shown to lower rooting efficiency. This could be explained by the fact that auxins at high concentration may possess a herbicidal property and inhibit cell elongation, which may inhibit the adventitious root induction from leaf explants [10] .
Different strength media were tested in order to optimize adventitious root growth and andrographolide accumulation because this either reduced or enhanced rooting behavior in different species [11a] . Nutrients content has an important regulatory role on repressing the transcription of photosynthetic genes [11b] and interacting with abscisic acid and ethylene signaling [11c]. Medium salt strength also induced changes in growth, physiology and secondary metabolite content in adventitious roots of Morinda citrifolia [11d]. In vitro adventitious root culture showed a high rate of proliferation and active secondary metabolism [12a,b] . Therefore, a substantial increase in andrographolide content was detected in the adventitious roots grown in modified MS medium that had the lowest macro and micro salt concentration. The results are in agreement with earlier studies on Lobelia inflata [13a] , Fagopyrum esculentum [13b], and Withania somnifera [6] . Adventitious-root cultures of Iris germanica on liquid medium accumulated 4-5 fold higher contents of isoflavone, aglycones and glucosides in 3-week-old liquid cultures [7b].
The present study is the first detailed description for testing different MS medium strengths for in vitro andrographolide production from adventitious root cultures. The produced andrographolide content was 3.5-5.5 folds higher than that of the natural plant, depending on the medium strength. The study will be helpful for commercial-scale production of andrographolide using bioreactors. Experimental Establishment of adventitious root culture: Young leaves were surface sterilized and then immersed for 5 min in 0.1%, w/v, HgCl 2 solutions. Subsequently, they were rinsed 3 times with sterile distilled water. The leaves were aseptically cut into 0.5×0.5 cm 2 pieces and inoculated on MS [14] , half MS and modified MS medium supplemented with 0.5-5.0 mg/L of 2,4, dichlorophenoxy acetic acid (2,4-D,), α-naphthelene acetic acid (NAA), indole-3 butyric acid (IBA), indole acetic acid (IAA) and combinations of NAA + kinetin (1+0.5 mg/L, 1+1 mg/L). The basal media contained 3%, w/v, sucrose and 8 g/L, w/v, agar (Sigma Type A, Germany). Half MS prepared by doubling the volume of water in full MS with 1.5% sucrose, and modified MS was prepared by adding full strength vitamins and myo-inositol in half MS medium with 3% sucrose. The pH of the media was adjusted to 5.8.
Culture of adventitious root in liquid medium: Liquid cultures
were established by inoculating 0.5 g (fresh weight, FW) adventitious roots into 100 mL Erlenmeyer flasks containing 50 mL of different strength liquid MS medium with NAA (1.0 mg/L). The flask was kept under continuous agitation at 125 rpm on an orbital shaker at 25 ± 1°C. The growth of adventitious roots was recorded at 7-day intervals. Growth of the adventitious roots was quantified on the basis of initial weight and final weight of dry mass in the one-week interval up to 6 weeks. The specific growth rate was calculated from (X -Xo) versus the time (t) plot, where Xo is the initial biomass at the time of inoculation, X is the final biomass after t time.
Estimation of andrographolide:
Roots were separated from the liquid medium by filtration. Filtered roots were washed with distilled water to remove all trace of growth medium and dried at 45 o C in a hot air oven. The dried roots were ground into fine powder and stored at room temperature. Estimation of andrographolide was made by dissolving 1 mg fine powder in 1 mL 80% ethanol. The andrographolide standard, purchased from Sigma-Aldrich, USA, was used in 0.44, 0.22 and 0.11 mg/mL ethanol for standard curve preparation. HPLC grade methanol: acetonitrile: water (65:20:15) was used as the solvent system [15] . HPLC analysis was carried out on a Younglin chromatograph, with an UV/Vis detection system, connected to a reversed-phase column (Diamonsil C18, particle size 5 μm, metachem (150 mm X 4.6 mm column. Elution was monitored at 223 nm. The presence of andrographolide in A. paniculata sample was verified by its retention time (2.6 min) in comparison with a standard chromatogram. The sample chromatogram was in complete agreement, with a retention time of 2.6 min. The precision was evaluated by analysis of the sample in 3 replications to maintain reproducibility and repeatability. The test samples were prepared by dissolving 1 mg dry adventitious root powder in 80% ethanol by maceration at 150 rpm for 1 h.
Statistical analysis:
All in vitro experiments were conducted in 5 replications. The data were analyzed by analysis of variance (ANOVA) to detect significant differences between means using MS Excel. Means differing significantly were compared using the LSD at the 5% probability level by DSAASTAT.EXE.
